We have earlier shown that the taste-bud-bearing fungiform papillae form a stable pattern on the tongue of rats. In this study the effect of removal of the fungiform papillae in rats was investigated. The fungiform papillae on a 10 x 5-mm area on one side of the tongue were removed after mapping of both sides under an operating microscope. Serial sections of five rat tongues within 1 day of biopsy showed that all but one papilla were gone. After 4, 6 and 12 months an average of seven papillae with taste-buds were found in the operated area, compared to 20, 26 and 23 in the controls. Comparison of tongue maps before and after these periods showed that papillae had not migrated from areas outside the area of the biopsies. To test the assumption that the extent of biopsy determined the amount of regeneration, only the upper part of the papillae with their taste buds were removed in 15 rats. Complete regeneration of papillae and taste buds was obtained within 14 days. The function of the regenerated taste buds was tested by bilateral recording from the chorda tympani proper nerves. No difference in response amplitudes was observed between the sides. When, however, the whole papilla including its base was removed, neither the papilla nor the taste-bud regenerated. The results show that the ability of the fungiform papilla and the taste-bud to regenerate after removal of the papilla is related to the extent of the biopsy. If the entire papilla including its base is removed, it will not regenerate. If only the upper part is removed, complete regeneration of both papilla and its taste-bud will occur.
Introduction
The mammalian taste-bud is considered to be of epithelial origin (Farbman, 1971b; Rashbass, 1984) . On the tongue it is only found in three specialized epithelial structures: the fungiform, foliate and vallate papillae. The taste-bud is dependent upon the presence of gustatory nerve fibers for its existence. Thus, after cutting of the corresponding taste nerve it degenerates but reappears when the nerve has regenerated back to the papilla, be it the fungiform, vallate or foliate (cf. Oakley, 1985) . The relationship between the taste-bud and the foliate and vallate papilla after biopsy of the papillae have also been investigated, but with varying results. Some researchers reported an irreversible disappearance of the vallate papillae but regeneration of taste-buds (Zaleswki, 1970; Ferrell and Tsuetaki, 1984) while others reported regeneration of foliate, and vallate papillae as well as taste-buds (Griffini, 1884 (Griffini, , 1887 Whiteside, 1926; Torrey, 1940 , Sanchez et al., 1978 after using either excision or cautery to remove the papillae. Because of these conflicting results and since no study has been done on the effect of removal of the fungiform papillae, it seemed worthwhile to study the effect of biopsy on this third type of taste-bud-bearing papilla.
The fungiform papillae are more numerous than the foliate and vallate papillae, which makes it difficult to identify and follow them. This is necessary in such a study. However, in the rat the fungiform papillae form a pattern on the tongue that is stable over a considerable time (Hellekant et al., 1987) . This makes it possible to identify a single papilla from time to time. Further, since the rat has only one taste-bud in each fungiform papillae, regeneration or no regeneration are easy to verify. This is in contrast to most other non-rodent mammalians in which the number of taste-buds in each fungiform papillae varies from none to several.
Methods
Data were obtained from 47 male and female Sprague-Dawley rats weighing between 250 and 350 g at the beginning of the experiments. Anesthesia and mapping were described in an earlier study (Hellekant el al., 1987) . After mapping, the fungiform papillae within a 5 x 10 mm area on the right side of the tongue, 2 mm posterior to the tip, were removed with microscissors.
In the first of our experiments, biopsies of fungiform papillae were done in 27 rats without special concern to the depth of the surgical cut. Later, however, the surgical technique was refined so that the biopsy included either (i) only the upper half of the fungiform papillae (shallow cut in 15 rats), or (ii) the entire papilla including the base (deep cut in five rats). Deep cuts sometimes included one or two of the nearest filiform 0'W papillae. The two dotted lines in Figure 1 illustrate the level of cut in the two types of biopsies. The size of the biopsies obtained with the deep cut ranged from 3/10 to -5/10 mm in cross-section. Those of shallow cuts were smaller. All biopsies were made with fine microscissors. Some biopsies were fixed in 2.5% phosphate-buffered glutaraldehyde embedded in Epon-Araldite and cut in 2-/im-thick sections. The sections were stained with Richardson's stain.
The animals were anesthetized and their tongues remapped after 1 day, 2 weeks, 3, 4, 6 or 12 months. Nerve recordings were obtained from all rats in which shallow cuts were used (ten animals, 2 weeks; five animals, 3 months) and from randomly selected rats of the 4, 6 and 12 months' groups (nine animals among the first group of 27). These recordings were made from both right and left chorda tympani proper nerve, while the tongue was stimulated with sapid solutions with rinses of water between. The stimuli included 0.1 and 0.3 mol/1 NaCl, 0.1 and 0.3 mol/1 NH 4 C1, 0.02 mol/1 quinine hydrochloride, 0.02 mol/1 citric acid and 0.3 mol/1 sucrose. Local anesthetics and cautery were used to exclude responses outside the area from which biopsies were taken. The technique for taste stimulation and nerve recording has been described before (Hellekant et al., 1980) .
After sacrifice the tongues were removed and divided transversely at two points 2 and 12 mm caudal to the tip. The tongue tissue between these cuts was divided longitudinally into five parts. The central part, which was ~2 mm wide, together with the lateral parts outside the area mapped, were discarded, while the remaining parts were fixed in 4.0% buffered formaldehyde, processed for paraffin embedding and serial sectioned at 7 /im. Sections were stained with hematoxylin and eosin. Thus, the tissue on one side of the tongue encompassed the area from which the fungiform papillae had been removed previously. The other side served as the control.
Results
The success of the biopsy procedure is indicated by the fact that only one single fungiform papUla was found 1 day after surgery in a total of five animals. On the other hand, some papillae were always found in animals killed 4, 6 and 12 months after biopsy (Table I) . Table I shows approximately seven papillae and taste buds in each of the three groups. Comparing the maps before and after biopsy did not indicate migration of papillae. Consequently there was some other cause for this finding.
One possibility that could explain why only some fungiform papillae regenerated was that the biopsy technique was inconsistent. It was possible that the base of the papilla was crucial for regeneration; i.e. if the original biopsy included the entire base sur- rounding the fungiform papilla, there might be no regeneration, but if some of the base was left behind, the papilla might have regenerated. The hypothesis was tested by comparing the original biopsies in a group of five rats with later serial sections from the same area in the same rats. In 15 of 20 papilla biopsies, the hypothesis was confirmed, i.e. regeneration was dependent on whether or not the entire base was removed. The hypothesis predicts further that after removal of only the upper part of the papillae, complete regeneration should occur. This was tested in five rats in which shallow cuts (see Figure 1) were performed on the right side. Serial sections 3 months later showed that complete regeneration of papillae and taste-buds had occurred on the side on which the bases of the fungiform papillae was left intact at the surgery.
To test the time period necessary for regeneration, another test was made in ten rats in which, after mapping, all fungiform papillae were removed on the right side with shallow cuts. After 2 weeks, their tongues were remapped. The patterns on both sides were the same as before the biopsies and 96% of the papillae could be identified. The fungiform papillae and taste-buds were then counted in serial sections. There was no difference in number of fungiform papillae and taste-buds between right and left side. However, the taste-buds on the experimental side were generally smaller.
The results suggest that if the biopsy involves all cells in the base surrounding the fungiform papilla, then no regeneration of the fungiform papilla occurs. If only the upper part of the fungiform papilla with its taste-bud is removed, all fungiform papillae, each with its single taste-bud, will regenerate within 2 weeks.
With regard to the incidences of abnormalities, it may be worth mentioning that tastebuds were never found outside the fungiform papillae either on the control or the experimental side. Further, only in one or two cases did we see a fungiform papilla without a taste-bud on the experimental side. In our material there are only five fungiform papillae with more than one taste-bud, one from a regenerated and four from a control side.
The final proof that complete regeneration of the taste-buds has occurred is restoration of their normal function. Despite the limitations of the electrophysiological technique, recordings from the taste nerves of the two sides supply important additional information on this question. Recordings were obtained from the chorda tympani proper nerve of both sides during stimulation of the tongue with taste substances, as indicated in the Methods section. Local anesthetics and cautery were used to exclude responses outside the area from which biopsies were taken. In the 15 rats in which only the upper part of the fungiform papillae had been removed, the responses from the left and right sides did not show any difference in magnitude. In the nine animals where nerve recordings were obtained and partial regeneration had occurred, the response amplitudes recorded from the operated side were smaller than from the control side.
Discussion
The results show that the ability of the fungiform papilla and the taste-bud to regenerate after removal is related to the extent of the biopsy. If the entire papilla including its base is removed, taste-bud and papilla will not regenerate. If only the upper part is removed, complete regeneration of both will occur. The possibility that factors related to wound healing may have influenced these results should first be considered.
The biopsy removed was < 1 mm 2 . One day after the operation, the tongue surface showed few signs of the trauma and after a few days the only indication of the biopsy was the lowered number of fungiform papillae, and occasionally in sections a slight irregularity of the pattern of filiform papillae. There were no traces of scar tissue in the area which could prevent regrowth of nerve fibers into the regenerated area. Further, inability to bridge the gap to the new tissue by the nerve fibers cannot explain these results. Other studies in which the nerve has been cut ^10 mm from the tongue show that the chorda tympani nerve can bridge much larger distances than those in this study (cf. Oakley, 1985) . Thus, it seems very unlikely that any factor linked to the trauma and healing process could be responsible for the results presented. It seems reasonable to conclude that the ability of the wounded area of the tongue mucosa to regenerate fungiform papillae is related to some other factor.
In rats, fungiform papillae begin their development on the 15th day of embryonic life as eminences or small bulges on the dorsal surface of the tongue (Farbman, 1965) . Beneath the epithelium of the eminence is a connective tissue core, into which a nerve bundle grows. At this stage, the remainder of the tongue is smooth, i.e. filiform papillae are not evident until the 17th embryonic day, when fungiform papillae are already well established (Baratz and Farbman, 1975) . Existing data suggest diat if fungiform papillae are not established before filiform papillae during ontogeny, they do not develop at all. In transplants of embryonic tongue to the anterior chamber of the eye (Farbman, 1971a) or in organ culture (Farbman 1972; Miles, 1974; Baratz and Farbman, 1975) the entire lingual epithelium is organized into filiform papillae and fungiform papillae are never established. Further, fungiform papillae have not been reported to occur as part of the 'typical' lingual epithelium that regenerates in heterotypic transplants of tongue epithelium combined with dermis from various sources including the tongue itself (Billingham and Silvers, 1968; Mackenzie and Hill, 1981; Mackenzie, 1984) . Our data show that once the architecture of the fungiform papilla is removed in adults, i.e. when its base is destroyed, then the tongue epithelium will not form fungiform papillae.
Here taste-buds did not reappear in the regions of the tongue in which fungiform papillae had not regenerated. This raises the possibility of the old notion that the cells of the taste-buds are derived from a unique population of progenitor cells different from that of the surrounding epithelium (Poulton, 1883a,b; Tuckerman, 1889; cf. Oakley, 1985) . It is possible that progenitors of taste-bud cells are found only in certain areas of the oral and pharyngeal epithelium, perhaps distributed to or arising in these sites during development. This suggestion is further supported by attempts to induce taste buds in epithelia that do not ordinarily contain them in rats (Zalewski, 1972) and in sheep (Mistretta et al., 1979) . These authors transplanted non-gustatory oral epithelia or epidermis into regions innerved by taste nerve fibers, but taste-buds could not be induced in these epithelia even in the presence of nerves that have the capacity to induce them in appropriate epithelia.
In the posterior regions, some taste-bud regeneration seems to occur after removal of the papillary structure. Thus after complete excision of the vallate papilla in human subject (Ferrell and Tsuetaki, 1984) and in rats (Sanchez et al., 1978) some taste-buds were found, even when papilla regeneration was essentially non-existent. This can be explained by the assumption that progenitors of taste-bud cells in the posterior part of the tongue presumably are related to or identical with the same cells that give rise to von Ebner glands or their ductal epithelium (Sanchez et al., 1978) .
In summary, this discussion suggests that the diminished number of taste-buds and fungiform papillae found after removal of the original fungiform papillae with their taste-buds cannot be explained by formation of scar tissue or insufficient time for regeneration. However, it can be explained by the assumption that the taste-buds are derived from a special cell type. This cell type is only present in special areas of the tongue. In the anterior part of the tongue this cell type seems to be limited to the vicinity of the fungiform papillae.
